Background Cardiac aging alters many of the acute responses to exercise stress, but the extent to which chronic exercise (ie, training) can alter or improve the effects of aging in humans is largely unknown.
Methods and Results Cardiovascular responses to graded supine exercise stress (beginning at 200 kpm and increasing by 200 kpm every 3 minutes till exhaustion) were assessed using radionuclide ventriculography in 13 older (age, 60 to 82 years) and 11 young (age, 24 to 32 years) rigorously screened healthy men before and after 6 months of endurance training. Repeated-measures ANOVA was used to test significance. During exercise, the old group had a lesser increase in heart rate (+105% old versus + 166% young), a greater increase in mean blood pressure (+35% old versus +22% young), lesser increases in ejection fraction (+3 ejection fraction units old versus +11 units young) and peak ejection rate (+62% old versus +119% young), a greater increase in end-diastolic volume index (+8% old versus -10% young), a lesser fall in end-systolic volume index (-0% old versus -32% young), and a lesser increase in cardiac index (+135% old versus +189% young) (all P<.01 young/old versus exercise stage). Stroke volume index response to exercise was not different with aging (+14% old versus +6% young, P=NS). Exercise training increased maximal oxygen intake by 21% in the older group (28.9+4.6 to 35.1+3.8 mL-kg`. min-1, P<.001) and by 17% in the young (44.5±5.1 to 52.1+6.3 mL* kg-* min-m , P<.001) and increased peak workload by 24% in the old and 28% in the young. Exercise training had no differential effects on old versus young men. Among all subjects, training significantly reduced the resting heart rate by 12% (-8 beats per minute) and increased resting end-diastolic volume index by 13% (+9 mL/M2) and resting stroke volume index by 18% (+7 mL/M2) he age-associated decline in cardiovascular performance is more apparent during stress than at rest. The hallmarks of cardiovascular aging are reduced maximal heart rate, ejection fraction, and, in most studies, reduced maximal cardiac output with exercise stress.'-7 In addition, one study has suggested that aging is associated with greater cardiac dilatation during exercise but no reduction in maximal cardiac output5; however, these findings have not been confirmed.
The cardiovascular alterations that occur with aging in some ways parallel the changes that occur with deconditioning, including a decrease in maximal oxygen (all P<.01). At peak exercise, cardiac index increased by 16% (+1.07 L. M-. min') compared with before training, which was the result of an increase in stroke volume of 18% (+7 mL/M2) (P<.001); peak heart rate was unchanged. The increase in stroke volume index at peak exercise was the result of both a 12% increase in end-diastolic volume index (+8 mL/ M2) (P<.01) and an increase in ejection fraction (+3 ejection fraction units) (P<.05) at peak exercise. The increased ejection fraction at peak exercise occurred despite a 9% increase in systolic blood pressure (+ 18 mm Hg) (P<.01), suggesting an increase in contractility. Thus, both the young and old increased peak exercise cardiac output by use of the FrankStarling mechanism (ie, cardiac dilatation) as well as an increase in ejection fraction.
Conclusions We conclude that there is an age-associated decline in heart rate, ejection fraction, and cardiac output responses to supine exercise in healthy men. Although the stroke volume responses of the young and old are similar, the old tend to augment stroke volume during exercise more through cardiac dilatation, with an increase in end-diastolic volume (+8%) but without much change in ejection fraction (+3 ejection fraction units), whereas the young rely more on an increase in the ejection fraction (+11 ejection fraction units) with no cardiac dilatation (-10%). Despite the significant cardiovascular changes that occur in the response to a single bout of exercise with aging, adaptations to chronic exercise training were not different with aging and included improvements in maximal workload and increases in ejection fraction, stroke volume index, and cardiac index at peak exercise. (Circulation. 1994; 89:1648 -1655 Key Words * aging * exercise * ejection fraction . cardiac output intake and maximal cardiac output.8 Several of the changes noted with aging are related to disuse and normalize with increased activity.8 Although the effects of training on cardiovascular function are relatively well described in young subjects, little is known regarding the changes that occur with training in older subjects, and it has only recently become clear that older subjects can adapt to exercise training.9 One recent longitudinal study suggested that the reduced maximal ejection fraction response seen in healthy older subjects may improve with training, but this has not been confirmed.9 Most available studies have been cross sectional rather than longitudinal, comparing older, highly trained athletes with their more sedentary peers. In addition, some prior studies have been confounded by the failure to rigorously exclude underlying occult disease or by relatively mild training protocols. For the most part, it is unclear whether cardiovascular adaptations to training differ with aging, because prior longitudinal studies of cardiovascular training adaptations in the elderly have not examined both young and old groups.
This study had two purposes. 
Methods Subjects
Two age groups of healthy male volunteers who responded to billboard and newspaper advertisements were recruited (age, 18 to 32 and more than 60 years). Subjects were excluded if they had a history of angina, myocardial infarction, stroke, hypertension, chronic pulmonary disease, diabetes, current medication use (prescription or over the counter), current smoking, exercise-limiting orthopedic impairment, or participation in a regular exercise program in the past year. Entry laboratory requirements included a normal hematocrit, fasting blood glucose, total cholesterol, creatinine, resting ECG, M-mode and two-dimensional echocardiograms, and a Bruce protocol maximal exercise test, which included immediate postexercise and redistribution tomographic thallium imaging in all older subjects. Seventeen young and 15 older men entered the study, and 11 young and 13 older men completed the training program. Six of the young subjects did not complete the program for various reasons (withdrawal from training in 4, refusal in 1, and technical problems in 1). One of the older subjects underwent baseline testing but did not enter the training program, and one older subject's postexercise training data were not included because of the development of a significant intercurrent illness. The data presented here pertain only to the 11 young and 13 older men who completed the training and testing protocol. (The young/old differences described here are unchanged if a separate analysis is done on just the pretraining data that included all 17 young and 15 old men who entered the study.) The young group had a mean age of 28±3 years (range, 24 to 32 years), and the old group had a mean age of 68±6 years (range, 60 to 82 years). All studies were conducted at least 36 hours after the last episode of exercise training to avoid the acute effects of exercise. This study was approved by the Human Subjects Committee of the University of Washington, and all subjects gave informed consent.
Training Program and Maximal Oxygen Consumption
The 6-month training program began at 50% to 60% of heart rate reserve and increased to 80% to 85% by the third-fourth month and continued at that level for the remaining time. The program consisted of walking, jogging, and bicycling for 45 minutes per session, four or five times per week, in a supervised setting. Maximal oxygen consumption was measured using a maximal Bruce treadmill protocol was 1.23±0.09 on the pretests and 1.24±0.05 (P=NS) on the posttests, indicating good effort.
Study Protocol
All radionuclide exercise studies were performed with the subject supine, and pretraining and posttraining studies were performed at the same time of day. On the morning of study, subjects reported to the laboratory after a small breakfast and abstinence from caffeine. Red blood cells were labeled with 30 mCi of '9Tc using the modified in vivo method of Callahan et al.1' After a 30-minute rest, the subjects placed their feet on the pedals of the supine bicycle. Four to five minutes later, baseline data collection began, followed by exercise that started at 200 kpm (33 W) and increased by 200 kpm every 3 minutes until the subject was stopped by exhaustion.
Data Collection and Processing
At rest and during the final 2 minutes of each exercise stage, cardiac blood pool images, heart rate, and left arm automated sphygmomanometer blood pressure (model 9350, Paramed) were recorded. Radionuclide ventriculograms were acquired in the left anterior oblique projection that offered the best septal definition using a high-sensitivity parallel-hole collimator and a General Electric 300 small-field-of-view camera interfaced to a Microdelta imaging terminal. Radionuclide images were acquired in 20-millisecond frames using forward and backward reconstruction with ±20% arrhythmia rejection; a single beat was dropped after each rejected beat.12 Ejection fraction, end-diastolic volume index, and end-systolic volume index were calculated using methods that have been previously described and validated in our laboratory.13 Cardiac index was obtained by multiplying the stroke volume index times the mean heart rate during the acquisition. Our radionuclide angiographic method of left ventricular volume determination correlates well with invasive contrast angiography (r=.90; mean difference, 1.6 mL; and SEE, 31.4 mL).13 Moreover, the interobserver reproducibility of our method for left ventricular volume determination is excellent (r=.99; mean difference, 3.8%), and the test-retest reproducibility is high. 14 
Statistical Analysis
A single repeated-measures ANOVA was used initially that included data on the young and old groups before and after training at rest, at three submaximal workloads (200, 400, and 600 kpm), and at the maximal workload achieved, with one between term (young versus old) and two within terms (exercise stage and pre/post) (SUPERANOVA, Abacus Concepts). Young/old differences were examined from this analysis by use of the overall young/old term and the interaction term of young/old versus exercise stage to determine if the response to exercise differed between the two age groups. To assess training effects, the P values for the pre/post term and the interaction term of pre/post versus stage were used. To determine whether training effects differed between the young and old groups, the interaction term of young/old versus pre/post was used.
The above analysis does not determine if age-or trainingrelated differences are primarily due to 
Exercise Responses
The response to exercise (young/old versus stage) differed between the old and young groups on all measured variables (all P<.01) except for stroke volume index (Table 1 and Fig 1) . Cardiac index increased less at peak exercise in the old than in the young (+135% old versus + 189% young) (P=.0001). The reduced cardiac index at peak exercise in the old was due almost entirely to a lesser heart rate response to exercise (+ 105% old versus + 166% young) (P=.0001), because the stroke volume response to exercise was similar (+14% old versus +6% young) (P=NS).
The old and young differed in the mechanisms by which the stroke volume was augmented during exercise. Although the resting ejection fraction was not different, the old group had a smaller increase in ejection fraction during exercise than the young (+3 ejection fraction units old versus +11 ejection fraction units young) (P=.0003 young/old versus stage), whereas the old group had a greater increase in end-diastolic volume index during exercise (+8% old versus -10% young) (P=.007 young/old versus stage). The end-systolic volume response differed between the old and young groups. The mean end-systolic volume index was unchanged during exercise in the old men but decreased by 32% in the young (P=.0001 young/old versus stage). Systolic, diastolic, and mean blood pressures all increased more at peak exercise in the old group (all P<.001 young/old versus stage).
Many of the young/old differences apparent at peak exercise were already apparent during submaximal exercise at 400 kpm, including the greater increases in blood pressure and lesser increases in heart rate, peak ejection rate, and cardiac index in the old group (all P<.01). However, there were no age-related differences apparent during submaximal exercise in ejection fraction or end-diastolic, end-systolic, or stroke volume indices; differences in exercise responses for these variables were only present when peak exercise The mean cardiac index at peak exercise increased by 16% (P<.0001). The increase in peak cardiac index was due entirely to a 17% increase in peak stroke volume index (P<.001), because heart rate at peak exercise was unchanged. The increase in the stroke volume index at peak exercise was due to both a 12% increase in the end-diastolic volume index at peak exercise (P<.01) and an increase in the ejection fraction at peak exercise of 3 ejection fraction units (P=.01). The ejection rate at peak exercise also increased (P=.04). The systolic pressure at peak exercise increased by 9% (P<.01), whereas the diastolic pressure at peak exercise declined by 11% (P=.01). Submaximal (400 kpm) exercise responses were altered by training only for heart rate, diastolic blood pressure, and mean blood pressure, all of which were decreased by training (P<.05). Submaximal responses for other variables were not altered by training (Tables  2 and 3 ).
Young/Old Differential Training Effects
The old and young groups responded similarly to training, and there were no differential training effects (young/old versus pre/post) by repeated-measures ANOVA. The responses of the young and old groups to training are presented in Table 3 . 
Discussion
The major findings of this study are the following. First, age-related differences exist in cardiovascular responses to supine exercise, including a decline with aging in peak exercise heart rate, ejection fraction, stroke volume, and cardiac index and an increase with aging in blood pressures and cardiac dilatation with exercise. Second, despite these differences due to aging in the response to a single acute episode of exercise, endurance exercise training alters cardiovascular function similarly in old as in young healthy men.
Rest and Exercise Hemodynamics With Aging Resting Values
At supine rest, aging was associated with higher systolic, diastolic, and mean blood pressures; lower end-diastolic volume index; lower stroke volume index; and lower cardiac index. Resting heart rate, ejection fraction, and peak ejection rate were unchanged with aging. These results are concordant with most prior studies,3,15-21 although two studies have suggested that resting cardiac output does not decrease with age.22'23 Fagard et increased blood pressure response compared with the young. These changes of aging have been previously described. 1, 3, 6, 16, 17, 25, 27 In our study, the cardiac index in the older group at peak exercise was only 64% of that in the young group; thus, peak cardiac index had fallen by one third over four decades. Fagard et a124 calculated an estimated decline of 1.2 L/min per decade in peak cardiac output, similar to our estimated decline of 1.7 L/min per decade. Only one study5 has suggested that cardiac output at peak exercise does not decline with aging, because of an age-related increase in peak exercise end-diastolic volume and stroke volume. Our results are only in partial agreement with their findings.
We did note that the old group had more cardiac dilatation than the young (P=.0007 for young/old versus exercise stage), but nevertheless, our older group had a marked reduction in peak exercise cardiac output. The ejection fraction and ejection rate responses were also reduced as previously noted,4528 although one study,6 which examined subjects only over a 30-year span, showed no change in exercise ejection fraction with age.
There are conflicting data as to whether the end-diastolic volume response to exercise differs with aging, with two upright exercise studies5 '29 showing an agerelated increase in cardiac dilation, and three other studies6'28,30 (one upright and two supine) failing to demonstrate an age-related difference. In the current supine exercise study, the old group exhibited an 8% increase and the young subjects had a 10% decline in end-diastolic volume index (P=.0007).
The mechanism by which stroke volume increased at peak exercise differed with aging. The young, who had a 10% decrease in end-diastolic volume index, increased their stroke volume by an increase in ejection fraction of +11 ejection fraction units. In contrast, the old group increased their stroke volume primarily through cardiac dilatation with an 8% increase in end-diastolic volume index, whereas ejection fraction increased by only 3 units (P<.01). Etiology ofAge-Related Decline Several factors may contribute to the altered exercise responses with aging, including occult disease (particularly coronary artery disease), deconditioning, intrinsic ageassociated structural and functional changes, and reduced responsiveness to ,B-adrenergic stimulation. Our subjects were thoroughly screened; therefore, underlying disease is an unlikely explanation for our results. There is evidence in both animals and humans of an age-associated reduction in responsiveness to ,3-adrenergic stimulation.31 44 In a prior report,43 we found reduced ejection fraction, peak ejection rate, and cardiac output responses to isoproterenol infusions in older men compared with young men. The reduced responses to exercise stress in the older group reported here largely parallel the changes seen with isoproterenol infusions previously reported in the same subjects,43 in which heart rate, ejection fraction, and cardiac output responses were decreased in the older group. The correlations between the change during exercise and the change during isoproterenol infusion (35 ng kg1-1 min-') in these subjects before training were significant for heart rate (r=.58, P<.001), ejection fraction (r=.70, P<.0001), peak ejection rate (r=.62, P<.001), and cardiac index (r=.58, P<.001), further suggesting that decreased 13-adrenergic responsiveness leads to the reduced responses at peak exercise. Thus, changes in P-adrenergic responsiveness likely account, at least in part, for the altered cardiovascular responses during exercise with aging.
Effects of Exercise Training on Rest and Exercise Hemodynamics
Despite the relatively marked effects of aging on the response to a single episode of exercise as outlined, aging had no significant effect on the cardiovascular changes that occur with endurance training. Training effects for all the measured variables were similar and statistically indistinguishable between the old and young. Thus, the healthy older cardiovascular system (mean age of subject, 68 years) adapted to endurance training as did the young (mean age of subject, 28 years). Aging did not prevent significant training adaptations.
At rest, training led to the anticipated decrease in heart rate with an increase in stroke volume index, resulting in an unchanged resting cardiac index. The resting stroke volume index was increased due to an increase in end-diastolic volume index, because resting ejection fraction was unchanged.
The cardiac index at peak exercise increased by 16% after training, which is similar to the 18% increase noted in 10 men with a mean age of 64 years recently reported by Ehsani et al.9 On the basis of a crosssectional study, Ogawa et a125 recently estimated that the increased maximal cardiac output that occurs with training accounts for 88% to 99% of the difference in maximal oxygen intake between trained and untrained men, and our results are concordant.
The increase in peak cardiac index was solely the result of a 17% increase in stroke volume index at peak exercise, because the peak heart rate was unchanged. The increase in stroke volume at peak exercise was multifactorial. First, the 13% increase in resting end-diastolic volume index after training was sustained at peak exercise, when the end-diastolic volume index was increased by 12%. Thus, the Frank-Starling mechanism was used. Second, the ejection fraction at peak exercise increased by 3 ejection fraction units, which also increased the stroke volume at peak exercise. The higher ejection fraction at peak exercise occurred despite a systolic blood pressure that was an average of 18 mm Hg higher, suggesting that contractility may have increased. Our findings are directionally similar, although of a lesser magnitude, to the recent findings by Ehsani et al,9 in which ejection fraction at peak exercise increased by 7 units. These two studies contrast with one earlier negative study.45 One cross-sectional study found no difference in peak exercise ejection fraction between old sedentary and old active men.7 The present study and the study by Ehsani et a19 suggest that the reduced ejection fraction response to exercise with aging is improved by training.
There are relatively little data regarding the effects of training on peak cardiac output in the elderly. One earlier longitudinal study found no increase in maximal cardiac output in 11 subjects (mean age, 63 years) after 12 months of training, despite a 32% increase in maximal oxygen intake,46 whereas cross-sectional studies have suggested a marked effect of training on peak cardiac output in the elderly.2547 Two other longitudinal studies have documented an increase in maximal cardiac output in healthy elderly subjects as a result of training,9'45 similar to our findings. 1 Several of the cardiovascular changes of aging are similar to those seen with inactivity. Both are associated with reduced maximal oxygen intake, systolic function, and cardiac output; smaller left ventricular end-diastolic volumes; and higher blood pressures.8 These parallels raise the possibility that the effects of aging can in part be reversed by training. In our study, several of the traininginduced changes in the older group were in the direction of youth. However, the old group did not exhibit any greater changes with training than did the young, which might have been anticipated had the changes in the older group been uniquely related to inactivity. Thus, our findings do not appear to support the hypothesis that agerelated cardiovascular changes are simply the result of inactivity. However, our findings point to significant car diovascular improvements induced by training in both the young and old. As noted by Larson and Bruce,48 the importance of a given training effect may be relatively greater in older subjects.
---
Although the cardiovascular deficits of aging are closely related to decreased ,B-adrenergic responsiveness, the improvements in cardiac function with training are probably not related to increases in ,-adrenergic responsiveness. In a prior study,43 we demonstrated that isoproterenol responsiveness did not increase after training in these subjects.
Study Limitations
The ejection fraction is a relatively crude contractile measure, but more precise measures require invasive methods, which were not deemed justifiable in these healthy subjects. The use of isotope ventriculography instead of invasive methods may also be a limitation in the measurement of cardiac volumes. The reduced ejection fraction during exercise in the older group could in part be due to differences in afterload, as suggested by the higher blood pressure. Our old group was not representative of the overall old population, because they were rigorously screened to exclude underlying disease. In addition, the training program was rigorous and demanding. Thus, our findings may not be generalizable to the average elderly male population. In addition, no women were studied. The response of young women to acute exercise differs from that of men, as may the training response.49 There are little data regarding the effects of aging on acute responses or training effects in women.
In conclusion, the heart rate, blood pressure, ejection fraction, end-diastolic volume, end-systolic volume, stroke volume, and cardiac output responses to supine exercise are altered by aging in healthy men. The effects of endurance training do not differ with age in healthy men and include significant increases at peak exercise in systolic blood pressure, end-diastolic volume, ejection fraction, stroke volume, and cardiac output. Thus, despite significant cardiovascular changes with aging, older men have similar adaptations induced in cardiovascular function by training.
